Abstract-A high efficient planar integrated magnetics (PIM) design approach for primary parallel isolated boost converters is presented. All magnetic components in the converter including two input inductors and two transformers with primary-parallel and secondary-series windings are integrated into an E-I-E core geometry. Due to a low reluctance path provided by the shared I-core, the two transformers as well as the two input inductors can be integrated independently, reducing the total ferrite volume and core loss. AC losses in the windings and the leakage inductance of the transformer are kept low by interleaving the primary and secondary turns of the transformers. To verify the validity of the design approach, a 1-kW prototype converter with two primary power stages is implemented for a fuel cell fed battery charger application with 20-40 V input and 170-230 V output. An efficiency of 96% can be achieved during nominal operating conditions. Also experimental comparisons between the PIM module and two separate cases have been done in order to illustrate the advantages of the proposed method.
I. INTRODUCTION
In order to meet the requirements of modern power electronics applications, magnetics integration with planar core has proven to be an effective means of reducing the converter size, the cost and increasing the converter efficiency [1] - [3] . Planar magnetics have unique advantages in terms of increased power density, better cooling capability, modularity and manufacturing simplicity as well as easy implementation of interleaved windings, which make them attractive for high current DC/DC converter applications [4] - [10] .
In recent years, most of efforts in integrated magnetics (IM) focus on the current-doubler rectifier due to its suitability for low-output-voltage and high-output-current applications. Unlike the conventional magnetic integration focusing only on core integration, both core and winding integration can be realized in the current-doubler rectifier design, causing lower conduction loss and core loss. As a result, lower overall cost, size as well as higher efficiency can be obtained in the IM deign for current-doubler circuit [1] - [3] , [9] . A 1-kW with 300~400-V input and 48-V output AHBC asymmetrical half-bridge PWM converter employing the integrated L-L-C-T module is constructed in [8] . Detailed suggestions are given of how one generic, integrated LCT component could be used to implement various resonant converter topologies by merely reconfiguring the external terminals of the integrated component [10] - [11] . An integrated transformer consisted of four step-down transformers wound on a single magnetic core for an interleaved four-phase forward converter has been proposed [12] . Since the steady-state inductor current ripples can be greatly reduced without comprising the transient response, coupled inductors with compact structure has been also paid attention in recent [13] - [15] .
Nowadays, a new trend of magnetics design in power electronics is to reduce ac resistance and leakage inductance by using distributed magnetics [16] , which functionally splits a large magnetic element into small magnetic element. A new very high efficiency 10 kW isolated R4 boost converter for low-voltage high-power fuel cell applications [17] , [18] has illuminated its advantage due to their lower transformer turns ratio and parallel structure. Matrix transformers actually have such behaviors as well. Over 40% of the effective winding resistance and 20% leakage inductance can be reduced by Matrix transformers [19] , making it very attractive for high current applications. However, increased numbers of components reduce power density of converters, as well as power efficiency in the light load due to higher core loss. Therefore, integration for the distributed magnetics becomes very important in order to solve these problems.
In this paper, a new approach to integrate magnetics design associated with all magnetic components for the primary-parallel isolated boost converter is presented. Two input boost inductors and two transformers are integrated into an E-I-E core geometry. The modeling of integrated structure is presented in Section III. The flux generated from each magnetic component can be partially cancelled in the PIM module, resulting in a lower core loss. Integrated transformers in this geometry have higher magnetizing inductance compared to the separated case, reducing current stress. AC losses in the windings and the leakage inductance of the transformers are kept low by interleaving the primary and secondary turns of the transformers. To verify the validity of the design approach, a 1-kW prototype converter with two primary power stages is implemented for a fuel cell fed battery charger application with 20-40 V input and 170-230 V output. An efficiency of 96% can be achieved during nominal operating conditions. In order to performance advantages of the method, experimental comparisons between the PIM module and two separate cases have been done, the results show the PIM module has a lower footprint as well as higher efficiencies can be achieved in both full load ranges and full input voltage ranges.
II. PRIMARY-PARALLEL ISOLATED BOOST CONVERTER
Boost derived topologies are preferred in fuel cell applications due to their low input current ripple [20] . Fig.1 shows a primary-parallel isolated boost derived topology suitable for handling high input currents for fuel cell applications. Series connection of transformer secondary windings ensures current sharing during energy transfer cycle when power is transferred to output. In this topology, primary power stages share the same control signals with same phase switching sequence for the corresponding switches which allows a simpler control. Output rectification unit as well as input and output filters are common to both of the primary stages. The paralleling method splits a critical primary highac-current-loop into two smaller loops. Each of the smaller loops only need to switch half of the input current thereby achieving much faster current switching and thus higher conversion efficiency. Since the two power transformers share input current and power level, a higher turns ratio transformer can be replaced by two lower turns ratio transformers which allows a simple design and manufacturing of the transformers. Also it causes a lower AC resistance and leakage inductance due to it performances as a distributed magnetics.
Since two primary sides operate in-synchronism and inphase utilizing the same control signals, a single branch can be analyzed as an example. Fig.2 shows basic waveforms for the primary-parallel isolated boost converter. Primary switches, S 1 -S 4 , are hard switched and operated in pairs, S 1 -S 2 and S 3 -S 4 respectively. Drive signals are 180 degree phase shifted. Switch transistor duty cycle, D, is above 50 percent to ensure switch overlap and thus a continuous current path for the inductor, L 1 , current. Basic converter operation can be divided into four stages [21] .
1) Stage 1 (T 1 ):
All switches, S 1 -S 4 , are on and the inductor is charged. All rectifier diodes, D 1 -D 4 , are off and current in the transformer secondary winding is zero;
2) Stage 2 (T 2 ):
A first energy transfer period, T 2 , starts when switches, S 3 and S 4 , are turned off. Inductor current discharges flowing through primary switch, S 1 , transformer, T 1 , rectifier diodes, D 1 and D 2 , and output capacitor, C, and returns to input through primary switch S 2 ;
3) Stage 3 (T 3 ):
As the same as period T 1 , when all switches are on, the inductor starts to be charged and i L1 increases linearly;
4) Stage 4 (T 4 ):
Finally, a second energy transfer cycle, T 4 , starts when switches, S 1 and S 2 , are turned off. Inductor current discharges flowing through primary switch, S 3 , transformer, T 1 (in opposite direction compared with first energy transfer period), rectifier diodes, D 3 and D 4 , and output capacitor, C, and returns to input through primary switch S 4 .
III. NEW PIM MODULE STRUCTURE
The conventional IM design currently uses soft-ferrite E-I or E-E core. In this work, a new PIM structure is proposed to integrate two independent transformers, T 1 and T 2 , and two input boost inductors, L 1 and L 2 , with a combined E-I-E core geometry. The new PIM module is shown in Fig.3 . The windings of each transformer are symmetrically distributed into the outer legs of E-cores. L 1 and L 2 are wound in the center legs of E-cores with certain air gaps. The middle I-core provides a low reluctance return path where complete flux cancellation can be achieved as shown in Fig.4 . All the flux generated by the transformer windings circulate only through the outer legs of the E-cores. DC flux Φ 3 generated by the two input inductor windings goes through the two E-cores, and no DC flux exists in the shared I-core. As seen in Fig.3 or Fig.4 , half of Φ 3 increases the total flux in the right side together with Φ 1 and Φ 2 and the other half of Φ 3 decreases it in the left side. Although the flux cancellations in this integration method will reduce the core loss, notice that a saturation problem may occur due to the flux overlapping in the half part of the PIM module which limits the nominal power of the converter.
In term of this new geometry, many advantages can be concluded as follows, (1) Air gaps located in the center legs cause a lower fringing effect as well as EMI problem [2] , [9] . Mechanically stabilization is also counted as an advantage for the location of air gaps.
(2) Magnetizing inductances of the transformers will not be decreased even if the air gap exists in the core. This is because the flux Φ 1 and Φ 2 circulate through the outer legs of the E-cores rather than the center legs with air gaps. Furthermore, integrated transformers in this geometry have higher magnetizing inductance compared to the separated case which can be mathematically proved in section IV.
(3) The total core loss in the PIM module is lower than that in the discrete magnetics. This is because many flux cancellation occurs in the core geometry.
(4) Less number of cores can be used, causing a low cost for the converter.
(5) The integrated approach provides a low footprint for the converter, which increases the power density required by the space restriction in automotive and integrated application.
(6) Flexibility. The integrated approach can be extended into many other topologies. Fig.6 shows an equivalent magnetic reluctance model of the PIM module where R 1 is the reluctance of each outer leg of E-core, R 2 is half reluctance of I-core and R C represents the reluctance of the center leg of E-core. R C is much bigger than With assumption that leakage flux through the air is negligible, (1) ~ (3) can be obtained according the magnetic model,
IV. MAGNETICS DESIGN CONSIDERATION
The rate of change on Φ 1 and Φ 2 are the same over an entire period. Based on Faraday's law, magnetizing inductances can be obtained,
Regarding to the separate case (non-integrated transformers), the magnetizing inductance is equal to, L m = N 2 / (2R 1 +2R 2 ). As can be seen, such integrated transformers have higher magnetizing inductance compared to the separated case. This is because of the fact that the flux cancellation occurs in the shared I-core effectively reducing the length and reluctance of the transformer flux path.
According to Faraday's law and Ampere's law, the peak flux densities of each magnetic component in the PIM module can be derived,
where D is switching duty cycle, n is turns ratio of both transformers, f is switching frequency and A e is cross-section of the outer leg of the core. l g is length of the air gap in each center leg. In order to avoid flux saturation in the PIM module, the following equations are required, The power capability of the module can be increased by minimizing the peak flux density of transformer, which can be implemented by increasing either the frequency or the number of turns. But both methods may not conducive to the power efficiency.
Winding losses in transformers increase dramatically with high frequency due to eddy current effects. Eddy current losses, including skin effect and proximity effect losses seriously impair the performance of transformers in highfrequency power conversion applications. Both the skin effect and the proximity effect cause the current density to be nonuniformly distributed in the cross-section of the conductor, and thus cause a higher winding resistance at higher frequency. The proximity effect loss, in a multilayer winding, may strongly dominate over the skin effect loss depending on winding arrangement. Interleaving transformer windings can reduce the proximity loss significantly when the primary and secondary currents are in-phase. Fig.7 shows the winding arrangements and magneto motive force (MMF) distributions [24] in each layer is equal to 1 which contributes a lower AC resistance.
Not only AC resistance can be reduced, but also leakage inductance can be significantly decreased by interleaving winding [22] . Notice that interwinding capacitance in this kind of interleaving arrangement is much better than full interleaving arrangement without sacrificing any other behaviors such as leakage inductance and AC resistance because of fewer intersections between the primary and the secondary, contributing a relative lower EMI problem [24] . The measurement results for the two integrated transformers in the PIM module are shown in Fig.8 , obtained by PSM1735, impedance analyzer. The stray parameters of the circuit are included in the measurement results as well. All results are referred to the secondary side. Assuming that T 1 and T 2 have exact same parameters, 113-nH leakage inductance and 29-mΩ ac resistance referred to the primary sides of each transformer can be derived. The measurement results for the two integrated inductors are shown in Fig.9 . Switching frequency is 50-kHz with inductor current ripple of 100-kHz. The ac resistances have a slight difference which is mainly due to different distances away to the air gap of the center leg from the windings, causing different fringing effects.
IRS2110 high and low side gate drivers are used in the gate driver circuit together with ISO722C capacitive digital isolators for control signal protection. The control signals are produced by TMS28027 DSP. Fig.10 shows the implemented prototype with all the switches mounted on a heat sink. Output is filtered by two 10-uF capacitors placed very close to the rectifiers for minimizing the ac loop. When the converter operates at 100-kHz, 30-V input, 180-V output and 600-W output power, the current waveforms of inductors (Ch3&Ch4), the voltage (Ch2) and the current (Ch1) of transformer T 1 are presented in Fig.11 . Observe that the two currents are identical. Removing oscilloscope offset, causes current traces to fully coincide. Also the total inductor current ripple (Ch1, AC coupled) and output current (Ch3), V DS (Ch2) and V GS (Ch4) of S 1 are shown in Fig.12 respectively. High stability (< 10 ppm) 0.1 % shunt resistors are used for high precision of the efficiency measurements. Agilent 34410A high precision multimeters are used for all measurements. Current sense signals are shielded and fitted with common mode filters. Efficiency curves of the converter employing the PIM module when the output voltage is 180-V are shown in Fig.13 . As can be seen, the converter has higher efficiency in the light load when the input voltage is low. This is because of the fact that the core loss mainly dominates over the total power loss in the light load. For a low input voltage, a higher duty cycle D is required for achieving a constant output voltage due to voltages ratio is V o /V in =n/ (1-D) . According to Faraday's law, the peak to peak flux density of transformer can be expressed by,
Equation (8) 
Therefore, a lower input voltage causes a lower peak to peak flux density of transformer which contributes a lower core loss. With increasing the switching frequency, the differential of the peak to peak flux density ΔB T in different input voltages becomes small. The efficiencies in the light load therefore become to be close. Oppositely, winding loss strongly dominates over the total power loss in the heavy load. Higher input voltage has higher efficiency in this case. Maximum efficiency of 96% has been observed with 40-V In order to illuminate the PIM module has a higher efficiency, experimental comparisons between the PIM module and two separate cases has been done. Keeping the same PCB windings, the case-1 has two separate E-I cores by adding a single I-core. A single inductor and a single transformer are still integrated into the E-I core. The case-2 completely separates the four discrete magnetic components, L 1 , L 2 , T 1 and T 2 , and the windings of transformer still keep the same arrangements with those of the PIM module in order to get a relative fair comparison. Obviously, the PIM module has the smallest footprint and fewest numbers of components which causes a higher power density and lower cost. Furthermore, higher efficiencies can be achieved for the PIM module in both full range loads and full range input voltages. It can be seen from Fig.15 that the separate case-2 has a higher efficiency than the separate case-1 when the converter is working under 50-kHz and 30-V input voltage. This is because the core loss in the case-1 is very sensitive to the peak to peak flux generated by the inductors, ΔB L . Since the flux Φ 1 of transformer has been inside the core already, the core loss will be highly increased by adding a few peak to peak flux ΔB L . By increasing either the switching frequency or the input voltage, the peak to peak flux ΔB L becomes small, and then the two efficiencies will be close. There is an approximate 1.3% improvement of efficiency between the PIM module and the case-2 when the converter works at 50 kHz and 600-W output power. This improvement will be decreased to approximate 0.5% if the switching frequency is up to 100-kHz due to the rate of the core loss dominates over the total loss becomes small.
VI. CONCLUSION
This work presents a new geometry E-I-E magnetics integration method in order to integrate two individual transformers and two boost input inductors for primaryparallel isolated boost converter. The new PIM design approach provides a low footprint, high power density, low cost and higher efficiency alternative to the discrete design. Test resulting from a 1-kW experimental prototype verifies that converter employing the PIM module is fully functional and electromagnetically equivalent. An efficiency of 96% can be achieved during the nominal operating conditions. Experimental comparisons between the PIM module and two separate cases demonstrate that lower footprint and higher efficiency for the PIM module.
